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Lean Six Sigma Applied to Process Performance and 
Improvement Model for the Development of Electric 
Scooter Water-cooling Green Motor Assembly 
 
Abstract 
In response to the environmental issues triggered by global warming, worldwide 
companies gradually put the factor of carbon emission into the process of product life 
cycle, developing green technology or adopting cleaner production aimed at 
sustainable development. Lean Six Sigma has advantages of cutting waste and 
facilitating process improvements as well as system analysis, helping enterprises 
create the overall business benefits in the value chain. Used in the renewable energy 
industry, it can promote the Triple Bottom Line (TBL), the performance of sustainable 
production for corporate profit, social responsibility, and environmental responsibility. 
Therefore, this study took the process performance of the electric scooter 
water-cooling green motor manufactured in Taiwan with the world’s highest density 
of scooters as a case study. The developed performance evaluation and improvement 
model for manufacturing scheduling and process quality achieved the goal of 
economic benefits of enhancing process quality performance by shortening 
manufacturing scheduling and reducing process variations with Lean Six Sigma. 
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Besides, they could respond to the policy of energy saving and carbon reduction - 
replacing the traditional scooters of high carbon emissions with the electric scooters 
of low emissions. Furthermore, they could bring enterprises into harmony with 
economic benefits, ecological benefits, and social benefits. 
 
Keywords: Lean Six Sigma, Electric scooter green motor, Triple Bottom Line, energy  
saving and carbon reduction, sustainable development 
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1. Introduction 
According to the research done by Folster (2010), Dejan (2013), and Almer and 
Winkler (2017), the awareness of environmental protection has been continuously 
rising from the Kyoto Protocol of 1997 to the present 21st century. The Paris Climate 
Change Conference 2015 is a milestone for the global climate governance, 
encouraging the low carbon energy transition and urging the globe to march toward 
the target of green growth and zero carbon energy. Based on the study conducted by 
the Industrial Development Bureau of the Ministry of Economic Affairs in Taiwan, 
currently the carbon emissions of electric scooters in the area of Taiwan are less than 
50% of those of fuel-powered scooters. Besides, the research done by Lambert (2017) 
and Staffel et al. (2017) also shows that the development of green energy can help the 
electric scooters’ carbon emissions drop further. Moreover, Taiwan and Southeast 
Asian countries have much higher populations using scooters as a way of 
transportation than any other places in the world. Thus, to cope with the promotion 
and development of green electric scooters, the Taiwanese government actively 
promotes the development of the green-energy electric scooter industry, in order to 
reduce the fuel-powered scooters’ impact ratio to air pollution. 
In addition, according to Chen and Lyu (2009), Jacobs et al. (2015), Garza-Reyes 
et al. (2016), Thomas et al. (2016), Cherrafi et al. (2017), and Bellisario & Pavlov 
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(2018), Lean Six Sigma is a combination of lean production and Six Sigma 
thoroughly eradicating non-value-added waste and shortening the time of process. 
Also, it can help reduce the variation in the manufacturing process as well as the 
product defect rate (Srinivasan et al. (2016)). Currently, a large number of researchers, 
such as Kumar et al. (2006), Andrew and Okafor (2009), Lee and Wei (2010), Wang 
and Chen (2010), Hardeman and Goethals (2011), Jacobs et al. (2015), Thomas et al. 
(2016) and so on, apply Lean Six Sigma to the industries and receive remarkable 
outcomes. Besides, according to Antony et al. (2017) (public sector), Alsyouf et al. 
(2018) (aircraft industry), Gupta et al. (2018) (higher education), Raja Sreedharan et 
al. (2018) (manufacturing industry), Shamsuzzaman et al. (2018) (communications 
industry), Trzeciak et al. (2018) (Medical Services) and Yadav et al. (2018) 
(manufacturing industry), most of literatures related to Lean Six Sigma focused on the 
financial and economic performance, whereas only a few literatures emphasized the 
applications to promoting 3TBL/sustainable production or sustainable improvement. 
When producing the electric scooter water-cooling motors, there must be high process 
accuracy and timeliness. At the same time, product quality must be controlled through 
continuous improvement and immediate feedback, in order to achieve the goals of 
3TBL/sustainable production and sustainable improvement. Owing to this, this study 
selects the systematic method, Lean Six Sigma, to reach the goal.  
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As stated above, Lean Six Sigma has advantages of cutting waste and facilitating 
process improvements as well as system analysis, helping enterprises create the 
overall business benefits in the value chain. Used in the renewable energy industry, it 
can urge enterprises to perform well in the TBL sustainable production. In addition, in 
response to the environmental issues triggered by global warming, numerous 
companies put the factor of carbon emission into the consideration of production, 
developing green technology or adopting cleaner production aimed at sustainable 
development. Therefore, this study took the “electric scooter water-cooling green 
motor” manufactured in Taiwan, a region with the world’s highest density of scooters 
(In 2017, the number of scooters was 806.56/km2.), as a case study. The green motor 
produced by the case company combining the concepts of green energy and cleaner 
production differs from the general motor using air to cool down the high temperature 
generated by operation. Instead, the green motor adopts the water-cooling and 
circulating method to perform a more efficient cooling way, so that it can better the 
output efficiency of motor operation and reduce the impact on our environment. Lean 
Six Sigma can help bring enterprises into harmony with economic benefits, ecological 
benefits, and social benefits. 
The remainder of this paper is organized as follows. In Sec. 2, this study will 
briefly introduce the process of electric scooter water-cooling green motor assembly 
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and collect customer (VOC) as well as value stream mapping (VSM) to find out the 
non-valued parts in the green motor process. In Sec. 3, targeting at the non-valued 
parts, such as the manufacturing schedule performance and process quality level, this 
study will Six Sigma quality indices and manufacturing schedule performance indices. 
In Sec. 4, this study will deduce the evaluation and testing model for Six Sigma 
quality indices as well as manufacturing schedule performance and sort out the results 
to form an evaluation form for the electric scooter water-cooling motor manufacturing 
performance, in order to benefit the subsequent analyses and improvement tasks. In 
Sec. 5, the cause-and-effect diagram will be applied to find out the control factors 
which influenced the process. The Taguchi method will be used to figure out the best 
parameter setting to promote the process performance. Meanwhile, Standard 
operation procedure will be adopted to assist the tool room management inside the 
factory to enhance the tool management and ensure the processing quality. 
Conclusions will be presented in Sec. 6. 
 
2. Introduction to the analytic structure and process of the 
electric scooter water-cooling green motor assembly 
2.1 Analytic structure 
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In this paper, Lean Six Sigma is used as an analytic method, and the DMAIC 
procedure of Six Sigma is used as a framework, to develop a process performance 
evaluation and improvement model for an electric scooter water-cooled green motor 
assembly. First, the voice of customer is paired up with the value stream mapping to 
find out the value-added activities in the process, in order to find out the problems that 
need to be improved. Next, this study explores the important processes of the motor 
assembly and summarizes the important quality characteristics. Manufacturing 
schedule performance indices are proposed based on important processes, and Six 
Sigma evaluation indices are come up with based on important quality characteristics 
to evaluate manufacturing schedule performance and process quality standards. This 
study then deduces the confidence intervals corresponding to Six Sigma quality 
indicators and manufacturing schedule performance indicators to evaluate and verify 
the performance indicators, in order to review the process characteristics and quality 
characteristics that need to be improved. The cause-and-effect diagram and the 
Taguchi method are used to analyze the control factors which influenced the process 
and figured out the best parameter setting, aiming to promote the process performance 
as well as assist the tool room management inside the factory. Last, the control chart 
is developed to continuously monitor the quality of the process. Lean Six Sigma can 
not only shorten the manufacturing time but also reduce the process variation to create 
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business value, and then the goal of 3TBL/sustainable production and sustainable 
improvement can be achieved 
2.2 Introduction to manufacturing process 
As the above-mentioned, the water-cooling green motor assembly of the electric 
scooter manufactured by the case-study company is more complicated than and 
different from that of the commonly sold electric scooter in the market which uses air 
impact to cool down the high temperature resulted from the motor’s operation. The 
water-cooling method is adopted to conduct a more efficient way of lowering the 
temperature to enhance the output efficacy of the motor’s operation. The water- 
cooling flow path created by the case-study company is to enclose the entire motor to 
stabilize its working temperature, so the structure of the motor consists of two major 
parts - inner water case and outer water case, called as the motor assembly in this 
paper. Thus, the motor assembly is divided into 2 major processes: inner water case 
underline process and outer water case inner-hole process. After the preprocessed 
multiple processing procedures, the airtight machine will be sent to conduct an air 
tightness test. The entire process is displayed in Fig. 1. 
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Fig. 1 Process flow chart of the electric scooter water-cooling green motor assembly  
In the light of the electric scooter water-cooling green motor assembly, this study 
adopts Lean Six Sigma as an improvement method, which can not only reduce waste 
but also create the overall business benefits in the value chain. If the voice of 
customer (VOC) can take several factors, such as environmental protection, green 
energy design, cleaner production, and reducing carbon emissions, into consideration, 
it can help enterprises move toward the goals of economic benefits, ecological 
benefits, and social benefits into harmony. This study presents the voice of customer 
(VOC) as shown in Table 1. Therefore, in the definition stage of Lean Six Sigma, we 
discover the customers’ problems related to product quality and environmental 
protection and draw the current value stream mapping (VSM). Only when the 
non-value-added reasons caused by the motor assembly process are confirmed and the 
case 
case 
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problem that needs to be improved first is identified, the entire production capacity 
and performance can largely enhance. 
Table 1 VOC chart of the electric scooter water-cooling green motor 
Source of data Sales department Quality control department/ 
manufacturing department 
Source of voice External VOC Internal VOC 
Customers’ 
opinions 
1. Ill product quality 
2. Delays of shipments 
3. Dealing with quality at a 
low speed 
4. Reduce carbon emissions  
5. Green energy design  
6. Cleaner production  
methods 
1. Ill airtightness 
2. Insufficient stock 
3. Long processing time 
Possible causes 
1. Poor cutting tool 
management 
2. Bad manufacturing 
scheduling planning 
3. Insufficient skills, and 
slow actions 
1. Bad process quality 
2. Ill control of the time of 
incoming and outgoing 
shipments 
3. Problems of cutting tool 
management and cutting 
tool quality 
As mentioned above, this study uses VSM to understand the process flow of the 
electric scooter water-cooling green motor, able to show all the statuses of the process, 
and also able to know all of the value directions and the required time, as displayed in 
Fig. 2. According to the drawn VSM, the values of the required time information can 
be obtained, and the total cycle time of the process can be computed to judge whether 
the process can achieve lean.
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Fig.2 Value stream mapping of the electric scooter water-cooling green motor  
case case 
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This study, based on the previously stated VOC and VSM, respectively lists the 
goals for improvement and their corresponding critical quality indices. Next, 
concerning whether the critical quality indices correspond to VOC, space for 
improvement can be rated as weight. Besides, according to these critical quality 
indices indicating whether there is a project taking place in the company, all the 
present performances of the critical quality indices are listed, and the target 
performance is seen as an evaluation to see whether these critical quality indices will 
be brought into the range of the project, as demonstrated in Table 2. Lastly, the aim of 
getting the project is to lift the process quality level to reduce the process defect rate 
(estimated to lower 5% of defect rate) and the airtightness defect rate (estimated to 
lower 4%); meanwhile, it can boost the manufacturing efficiency to shorten the 
manufacturing time (estimated to lower at least 13% of time waste). 
Decreasing the defect rate of air tightness is to use the green motor manufactured 
by the case company combining the concepts of green energy and cleaner production 
and employ the water-cooling and circulating method to perform a more efficient 
cooling approach, so that the motor operation output efficiency can enhance. Besides, 
the green motor can reduce carbon emissions and achieve the environmental 
protection of green energy products. Furthermore, Lean Six Sigma can help promote 
the process quality as well as reduce the defect rate of air tightness. 
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Table 2 Analysis chart for critical quality indices of the process  
Voice of 
customer 
(VOC) 
Item for 
improvement 
(VSM) 
Critical 
quality 
index 
(CTQ) 
Weight 
Current 
perfor
mance 
Target 
performa
nce 
(SIPOC) 
Whether it 
corresponds 
to VOC 
(Y→5，
N→0) 
Space for 
improvem
ent (9,6,3) 
Total 
Ill product 
quality 
Poor process 
quality and 
cutting tool 
management 
Process 
defect rate 
5 9 14 15% 10% 
Delays of 
shipments 
Bad 
manufacturing 
scheduling 
planning 
Manufact
uring 
schedulin
g 
5 3 8   
Ill 
airtightnes
s 
Assembly 
problem, and 
ill quality of 
spare parts 
Airtightne
ss defect 
rate 
5 6 11 5% 1% 
 
The time of 
inner water 
case process is 
too long 
The time 
of inner 
water case 
process 
5 6 11 25% 12% 
 
The time of 
outer water 
case process is 
too long 
The time 
of outer 
water case 
process 
5 6 11 27% 12% 
Hence, this paper will target at these two processes to develop the manufacturing 
scheduling performance indices and six sigma evaluation indices. Based on the spirit 
of Lean Six Sigma, the evaluations and analyses of the manufacturing scheduling 
performance indices and process quality level are conducted as well. Thus, this study 
will also aim for the improvement of the tool room management.  
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3. Manufacturing performance indices 
As the above-mentioned, the electric water-cooling green motor assembly 
includes the inner water case underlining process and the outer water case inner-hole 
process, as shown in Figure 1.There are 5 quality characteristics of the Normal The 
Better (NTB) in the inner water case underlining process, while there are 4 quality 
characteristics of NTB in the outer water case inner-hole process. The tolerance 
specifications of these 9 quality characteristics are displayed in Table 3. This study 
proposes the evaluation model of two important indicators which are manufacturing 
quality level and manufacturing schedule performance. In addition to reaching the 
goal of promoting the economic benefits of process quality performance by using 
Lean Six Sigma to shorten the manufacturing schedule as well as process variations, 
this case study develops green technology and adopts the method of cleaner 
production in response to the policy of energy saving and carbon reduction, in order 
to help enterprises move forward to meet the goal of sustainable development 
concerning economic benefits, ecological benefits, and social benefits. 
Table 3 Quality characteristic specs. of the electric scooter green motor assembly 
Item  Tolerance Spec. (mm) 
Ｉ. Inner water case underline process 
 
1. Motor front cover height   Φ6±0.05 
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2. Motor front cover circle diameter   Φ110.04±0.04 
3. Motor front cover locking hole center  Φ96±0.02 
4. Bearing circle diameter   Φ32.01±0.01 
5. Bearing depth   10.45±0.05 
II. Outer water case bore process  
1. Small motor cover circle diameter   Φ34±0.05 
2. Motor rotor circle diameter   R99.10±0.03 
3. Body engagement hole circle diameter   Φ32.0175±0.0175 
4. Body engagement hole center   Φ101±0.05 
In regard to quality, this study will employ the concept of Chen et al. (2017) to 
develop the evaluation model for six sigma quality indicators. As to the 
manufacturing schedule, based on the theories of Huang and Chen (2004) and Chen 
and Huang (2006), the speed of manufacturing schedule will influence the 
manufacturing quality, so the manufacturing schedule must be moderate. Therefore, 
this study develops the evaluation model for the manufacturing schedule performance 
indicators. Next, these two manufacturing performance indicators will be discussed 
respectively.  
3.1. Six sigma quality indices 
It can be seen from Table 1 that the electric scooter water-cooling green motor 
assembly includes 2 processes, the inner water case underline process and the outer 
water case bore process, with 9 nominal-the-best quality characteristics in total. This 
paper assumes that random variable abX  
represents the normal process distribution 
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of process a  and quality characteristic b , and the process mean is ab  and the 
process variable number is 2
ab , namely  2ab ab abX ~ N ,  . As noted by Chang et al. 
(2014), if quality characteristic X is nominal-the-better (NTB) type, then 
ab ab abLSL X USL  .Then, this paper, through the change of variables, lets  
 
1 2 3 4 5
1 2 3 4
Ib Ib
Ib
ab
IIb IIb
IIb
X T
,b , , , ,
d
Y
X T
,b , , ,
d



 
 

                          (1) 
The specifications of these 9 quality characteristics are all converted into
   , , 1,  0,  1ab ab abLSL T USL   , where abLSL  is the lower specification limit, abT  is 
the target, and 
abUSL  is the upper specification limit. According to the theory of 
Chen et al. (2017), the six sigma quality indices of these 9 quality characteristics are 
defined as follows: 
 1 2pkab p ab p abQ Min Q ,Q                                          (2) 
where 
1
1
1 5abp ab
ab
Q .



   and 2
1
1 5abp ab
ab
Q .



  . 
Let  1ab abE Y
     and  1ab abE Y
    , then 
      
1
1 1.5abab ab puab
ab
p E p Y p Z Q


          
 
 
      
1
1 1.5abab ab plab
ab
p E p Y p Z Q


          
 
. 
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Therefore, the event ( 1 1)ab ab ab abE E E Y
        represents the event of good 
products which meets the specification requirements for process a and quality 
characteristic, and its yield is  
     ( 1 1)ab ab ab ab abp p E p E E p Y         
Based on De Morgan theorem and Boole’s inequality, we have  
       1 ( ) ( ) 2 1.5 1C Cab ab ab ab ab pkabp P E E P E P E Q                  (3) 
Obviously, if its compliment set
 
C
abE  means the event of defective products, then  
  1 2 2 ( 1.5)Cab ab ab pkabq p E p Q       .  
Similarly, let a ab
b
E E , then 
aE  
represents the event of good products for the 
inner water case underline process (a = I) or the outer water case bore process (a = II). 
Based on De Morgan theorem and Boole’s inequality, we have  
     
   
1 1 2 1 ( 1.5)
1 2 1 ( 1.5)
C
a a ab ab pkab
b bb
C
a a a pkab
b
p p E p E p E Q
q p E p Q
  
            
       

 

       (4) 
According to the above equation, this paper defines the process quality indices of 
these 2 processes are as follows: 
  1 1 1 ( 1.5) 1.5pka pkab
b
Q Q
 
      
 
 .                           (5) 
Based on Eq. (4) and Eq. (5), we have  1 ( 1.5) 1 ( 1.5)pkab pka
b
Q Q      and  
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  2 1.5 1a pkap Q    . 
When the quality level of these 2 processes reaches k  ( pkaQ k ), then the process 
yield 
ap  will be least  2 1.5 1k   . For example, when the process quality 
level reaches 4.5 , then its process yield 
ap  will be least 
 2 4.5 1.5 1 99.73%    . 
For the same reason, let T a
a
E E , then 
TE  means the event of good products of 
the electric scooter green motor assembly. Based on De Morgan theorem and Boole’s 
inequality, we have  
 
   
,
    1 1 2 1 ( 1.5)
T T a ab
a a b
C
ab pkab
a b a b
p p E p E p E
p E Q
  
     
   
       
                  (6) 
According to the above equation, this paper defines the process quality indices of the 
electric scooter green motor assembly as follows: 
  1 1 1 ( 1.5) 1.5pk pkab
a b
Q Q
 
      
 
 .                         (7) 
Based on Eq. (6) and Eq. (7), we have  1 ( 1.5) 1 ( 1.5)pkab pk
a b
Q Q      
and 
  2 1.5 1T pkp Q    . 
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When the quality level of the electric scooter green motor assembly reaches k  
( pkQ k ), then its process yield Tp  
will be ensured to be at least  2 1.5 1k   . 
To sum up, the electric scooter water-cooling green motor assembly consists of 
the inner water case underline process (a = I) and the outer water case bore process (a 
= II), with 9 important quality characteristics included. If the process quality level of 
the motor assembly is requested to reach k , then the quality level of the inner water 
case underline process can be asked to reach 
Ik   and the quality level of the outer 
water case bore process can be asked to reach 
IIk  . According to the theories of 
Chen et al. (2006) and Wang et al. (2011), the quality levels of these 2 processes must 
be higher than the quality level of the motor assembly. Similarly, suppose the process 
quality levels of the 9 important quality characteristics are asked to be equal and set as 
"k  , then the process quality levels of the 9 important quality characteristics also 
must be higher than the quality levels of the 2 processes, that is 
II Ik k k k     , 
where 
II Ik k   because there are 5 important quality characteristics in the inner water 
case underline process while there are 4 important quality characteristics in the outer 
water case bore process. Based on Eq. (5) and Eq. (7), we have 
  1 1 5 1 1.5 1.5Ik k                                      (8) 
  1 1 4 1 1.5 1.5IIk k                          (9) 
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 1
1
1 1 ( 1.5) 1.5
9
k k
 
        
 
             (10) 
According to this result, if the process quality level of the electric scooter green 
motor assembly is asked to reach k  ( pkQ k ), then we must ask for pkI IQ k , 
pkII IIQ k  and pkabQ k . Based on Eq. (8), Eq.(9), and Eq. (10), k, Ik , IIk  and 
k  can be calculated, as listed in Table 4. 
Table 4 Comparison list of all kinds of quality levels and k, 
Ik , IIk  and k  
Quality 
level 
k Ik  IIk  k  
6-Sigma 6.000 6.123 6.169 6.447 
5-Sigma 5.000 5.154 5.211 5.548 
4-Sigma 4.000 4.202 4.275 4.699 
3-Sigma 3.000 3.285 3.385 3.936 
 
3.2. Manufacturing scheduling performance indices 
Concerning manufacturing scheduling, since the electric scooter water-cooling 
green motor assembly consists of the inner water case underline process (a = I) and 
the outer water case bore process (a = II), this paper supposes that random variable 
aT represents the manufacturing scheduling distribution of these 2 processes, a normal 
distribution of mean Tau  
and variable 2Ta , namely  2a Ta TaT ~ N u , . According to 
the theory of Chen and Huang (2006), the speed of manufacturing scheduling will 
affect the production quality, so manufacturing scheduling must be moderate. 
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However, we usually ask for good manufacturing quality first and favorable 
manufacturing performance second. Under the premise of asking for good 
manufacturing quality, manufacturing scheduling definitely cannot be too fast, and it 
will be fine as long as the upper limit of the manufacturing scheduling is regulated. 
Therefore, this paper lets 
TaU  
represent the upper limit of manufacturing scheduling, 
so that it can modify the smaller-the-better six sigma quality indices proposed by 
Chen et al. (2017) as the manufacturing scheduling performance indices as below: 
Ta Ta
Ta
Ta
U
Q ,a I ,II



                                     (11) 
Obviously, the relationship between the manufacturing scheduling performance 
indices and the manufacturing scheduling pass rate 
Tap  is as follows: 
   Ta a Ta Tap p T U Q     
In other words, there is a one-on-one mathematical relationship between the 
manufacturing scheduling performance indices and the manufacturing scheduling pass 
rate 
Tap . 
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4. Interval estimations of manufacturing performance 
indices 
As mentioned above, manufacturing performance indices include six sigma 
quality indices and manufacturing scheduling performance indices. Due to inevitable 
sampling errors in samples, the reliability of point estimates is still uncertain. If the 
point estimates are used to judge the quality level, that may lead to misjudgment. In 
view of this, many researchers, such as Kanichukattu and Luke (2013), and Chen et al. 
(2017), used the method of confidence intervals to evaluate the process quality, in 
order to lower down the chance of misjudgment. Consequently, this paper then 
induces the confidence intervals of these 2 manufacturing indices. Meanwhile, the 
confidence intervals are used to conduct evaluations and tests for performance indices, 
and results are sorted to build a manufacturing performance evaluation chart for the 
electric scooter green motor assembly. 
4.1 The confidence intervals of six sigma quality indices 
Suppose 1
,..., ,...,ab abj abnY Y Y  is a set of random samples converted by variables, 
whose sample mean and sample standard deviation are seen as follows: 
2
1
1
~ ,
n
ab
ab abj ab
j
Y X N
n n



 
   
 
  and 2
1
1
( )
1
n
ab abj ab
j
S Y Y
n 
 

 . 
Thus, the estimator of six sigma quality indices is shown as follows:  
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 1 2pkab p ab p abˆ ˆ ˆQ Min Q ,Q                                          (12) 
where  
1
1
1 5abp ab
ab
Y
Qˆ .
S

   and 2
1
1 5abp ab
ab
Y
Qˆ .
S

  . 
Under the assumption of normality, the following random variables,  
   ˆ( 1) 1.5 1.5i abi piab piab
ab
S
Z n Q Q

  
       
  
, i = 1,2  and 
2
2
( 1) ab
ab
ab
n S
K

 
 , 
are mutually independently distributed as (0,1)N  and 
2
1n  , respectively.   
Obviously, let 1 1i i     , then 
   2 2 2/2 /2 2, 1 1 1 2, 10,1 ,  1i i i in n n iP z N z                    
   1piab piab piab iP LQ Q UQ     , where 
 
2
2, 1 /2ˆ 1.5 1.5
1
i in
piab piab
z
LQ Q
n n
   
   

                           (13) 
 
2
1 2, 1 /2ˆ 1.5 1.5
1
i in
piab piab
z
UQ Q
n n
    
   

                          (14) 
2i
z  is the upper 2i  quantile of (0,1)N  and 
2
2, 1i n
    is the lower 2i  
quantile of the chi-square distribution with 1n  degrees of freedom.  Let 
 i piab piab piabA LQ Q UQ   , i = 1,2 then ( ) 1i iP A    and ( )
c
i iP A  .  Based 
on De Morgan theorem and Boole’s inequality, we have 
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     1 2 1 2 1 21 1 ( )c CP A A P A P A        , that is  
 1 1 1 2 2 2 1 2, 1 ( )p ab p ab p ab p ab p ab p abP LQ Q UQ LQ Q UQ          
      1 2 1 2 1 2, , , 1p ab p ab p ab p ab p ab p abP Min LQ LQ Min Q Q Min UQ UQ       
  1pkab pkab pkabP LQ Q UQ      , where 1 2    , 
 1 2,pkab p ab p abLQ Min LQ LQ  and  1 2,pkab p ab p abUQ Min UQ UQ . 
Obviously, ,pkab pkabLQ UQ   is the  100 1 %  confidence intervals of the six 
sigma quality index pkabQ . 
4.2 The confidence intervals of QTa 
Manufacturing scheduling sample data are resulted from the random sampling of 
the process. Because the electric scooter motor assembly comprises 2 processes – the 
inner water case underline process (a = I) and the outer water case bore process (a = 
II), this paper selects 2 sets of random samples, 1 2a a na
T ,T  ,...,T
, a = I, II, drawn from 
the distribution of these 2 processes 
 2Ta TaN u , , whose sample mean and sample 
standard deviation are displayed as follows:  
2
1
1
~ ,
n
Ta
a aj Ta
j
T T N
n n



 
   
 
  and 2
1
1
( )
1
n
Ta aj a
j
S T T
n 
 

 . 
Therefor, the estimator of six sigma quality indices is shown as follows:  
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Ta a
Ta
Ta
U T
Qˆ ,a I ,II
S

                                            (15) 
Similarly to six sigma quality indices, under the assumption of normality, the 
following random variables,  
ˆ ab
Ta Ta
ab
S
Z n Q Q

  
     
  
 and 
2
2
( 1) Ta
a
Ta
n S
K

 
 , 
are mutually independently distributed as (0,1)N  and 
2
1n  , respectively.   
Let 1 1     , then 
   2 2 2/2 /2 2, 1 1 1 2, 10,1 ,  1n n nP z N z                    
   1Ta Ta TaP LQ Q UQ     , where 
2
2, 1 /2ˆ
1
n
Ta Ta
z
LQ Q
n n
 
     

                                      (16) 
2
1 2, 1 /2ˆ
1
n
Ta Ta
z
UQ Q
n n
 
     

                                     (17)
2z  is the upper 2  quantile of (0,1)N  and 
2
2, 1n    is the lower 2  
quantile of the chi-square distribution with 1n  degrees of freedom.  Obviously, 
 ,Ta TaLQ UQ  is the  100 1 %  confidence intervals of TaQ . 
4.3 Manufacturing performance evaluation chart  
In the previous 2 sections, the confidence intervals between 2 manufacturing 
scheduling performance indices and 9 six sigma quality indices have been induced. 
26 
 
Next, the confidence intervals can be applied to performance evaluations as well as 
tests. If the process quality level of the motor assembly is set as k , then the process 
quality level required value "k   can be derived from Table 2, corresponding to the 
9 important quality characteristics.    
1. When pkabk LQ  , then it is concluded that the quality level is insufficient 
and needs to improve, so it is labeled as “Bad”. 
2. When pkab pkabLQ k UQ  , then it is concluded that the quality level meets 
the requirements, so it is labeled as “Okay”. 
3. When pkabUQ k , then it is concluded that the quality level exceeds the 
requirements, so it is labeled as “Good”. 
4. When the 1st item to the 5th item are all labeled as “Okay” or “Good”, then it 
comes to the conclusion that the quality level of the inner water case 
underline process meets the requirements. As long as 1 item is labeled as 
“Bad”, then it comes to the conclusion that the quality level of the inner 
water case underline process does not meet the requirements and needs to 
improve.  
5. When the 6th item to the 9th item are all labeled as “Okay” or “Good”, then it 
comes to the conclusion that the quality level of the outer water case bore 
process meets the requirements. As long as 1 item is labeled as “Bad”, then it 
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comes to the conclusion that the quality level of the outer water case bore 
process does not meet the requirements and needs to improve.  
6. When the 1st item to the 9th item are all labeled as “Okay” or “Good”, then it 
comes to the conclusion that the quality level of the electric scooter motor 
assembly meets the requirements. As long as 1 item is labeled as “Bad”, then 
it comes to the conclusion that the quality level of the electric scooter motor 
assembly does not meet the requirements and needs to improve. 
Similarly, if the manufacturing scheduling performance of these 2 processes is 
set as Ta a
Q v
, then the evaluation criteria of the manufacturing scheduling 
performance  are described as follows: 
1. When
a Tav LQ , then it is concluded that the manufacturing scheduling 
performance of the ath process is not good and needs to improve, so it is 
labeled as “Bad”.  
2. When
Ta a TaLQ v UQ  , then it is concluded that the manufacturing 
scheduling performance of the ath process meets the requirements, so it is 
labeled as “Okay”.  
3. When
a Tav UQ , then it is concluded that the manufacturing scheduling 
performance of the ath process is good, so it is labeled as “Good”. 
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4. When 2 items are both labeled as “Okay” or “Good”, then it comes to the 
conclusion that the manufacturing scheduling performance of the electric 
scooter motor assembly is good. As long as 1 item is labeled as “Bad”, then it 
comes to the conclusion that the manufacturing scheduling performance of 
the electric scooter motor assembly does not meet the requirements and 
needs to improve. 
Subsequently, according to the abovementioned manufacturing performance 
evaluation criteria of the 2 processes for the electric scooter motor assembly, the 
required information for these two evaluation criteria is collected and calculated, 
compacted in Table 5. Then, based on the manufacturing performance evaluation 
criteria of the 2 processes, evaluations will be made.  
Accordingly, this study adopts a real case to explain the application of 
manufacturing performance evaluation indices. The product quality of the case-study 
company are requested to reach 5 sigma (k =5); thus, based on Eqs. (8)-(10), the 
quality level of the inner water case underline process, 5.154( 5.154Ik  ), that of the 
outer water case bore process, 5.211( 5.211IIk  ), and that of all individual important 
quality characteristics, 5.548( " 5.548k  ), can be computed. Next, this study selects 
30 sets (n=30) of sampling data, calculates the parameters related to the mean of 
samples ( X ) and sigma (s), and applies them to Eqs. (13)-(14), so that the confidence 
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intervals of six sigma evaluation indices for the related processes can be obtained, as 
displayed in Table 5. Furthermore, concerning the part of manufacturing scheduling 
performance evaluation, based on the procedures of the flow in section 4.2 and Eqs. 
(16)-(17), the confidence intervals of the related manufacturing scheduling 
performance indices can be received, as shown in Table 5.  
 
Table 5 Manufacturing performance evaluation chart for the electric scooter 
green motor assembly 
 
Quality Characteristics 
Process level performance Manufacturing scheduling 
performance 
Confidence 
Intervals 
Remarks 
Confidence 
Intervals 
Remarks 
Ｉ. Inner water case  
underline process 
ˆ ˆ5.154pkI pkILQ UQ   
“Okay” 
ˆ ˆ70TI TILQ UQ   
“Okay” 
1. Motor front cover 
height  1
ˆ 5.548pkIUQ   
“Good” 
“Good” 
2. Motor front cover 
circle diameter  2
ˆ 5.548pkIUQ   
“Good” 
“Okay” 
3. Motor front cover 
locking hole center 3 3
ˆ ˆ5.548pkI pkILQ UQ   
“Okay” 
“Okay” 
4. Bearing circle 
diameter  4 4
ˆ ˆ5.548pkI pkILQ UQ   
“Okay” 
“Okay” 
5. Bearing depth  5 5
ˆ ˆ5.548pkI pkILQ UQ   “Good” “Good” 
II. Outer water case 
bore process 
ˆ ˆ5.211pkII pkIILQ UQ 
 
“Bad” 
ˆ 65TIILQ   
“Bad” 
1. Small motor cover 
circle diameter  1 1
ˆ ˆ5.548pkII pkIILQ UQ   
“Okay” 
“Bad” 
2. Motor rotor circle 
diameter  2
ˆ 5.548pkIILQ   
“Bad” 
“Bad” 
3. Body engagement 
hole circle diameter  3 3
ˆ ˆ5.548pkII pkIILQ UQ   
“Okay” 
“Bad” 
4. Body engagement 
hole center  4
ˆ 5.548pkIIUQ   
“Good” 
“Bad” 
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Next, this study can be based on the manufacturing performance evaluation 
criteria in section 4.3 to make judgments. Concerning the quality level of the inner 
water case underline process, its process level is marked “Okay”, and the process 
levels of its five important quality characteristics are marked as “Okay” or “Good”, 
showing that the process quality level and the manufacturing scheduling both meet the 
requirements. In addition, as to the quality level of the outer water case bore process, 
its process level is marked “Bad”, and among the processes of its four important 
quality characteristics, the motor rotor circle diameter is marked as “Bad” as well, 
indicating that the process quality level and the manufacturing scheduling both do not 
meet the requirements and need to improve. 
 
5. Process quality analysis and improvement model  
According to the abovementioned manufacturing performance evaluation chart, 
it was discovered that the critical factor which led to ill performance of the electric 
scooter green motor assembly process was the motor rotor circle diameter, whose 
process capability and manufacturing scheduling both failed, so the process should be 
reviewed and improved. Therefore, this study will employ the characteristic 
cause-and-effect diagram and the Taguchi method to figure out the best parameter 
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matching, and finally use the control chart to ensure the effect of improvement, as 
stated separately below. 
5.1 Characteristic cause-and-effect diagram analysis 
At present, there are plenty of tools for process performance analyses, such as 
Brain Storming which can create visualization as a start, Affinity Diagramming, and 
Structure Tree / Tree Diagram, which can help people systemize to categorize their 
visualization and selections. The high-level flow chart, SIPOC (read as sye-pahk) 
Diagram, and the Flowchart/ Process Map are employed to indicate the details of 
importance processes. Meanwhile, the Cause-and-Effect diagram or Fishbone diagram 
is used to figure out the possible causes of the problems and categorize them, so that 
other causes seem to be linked together in the structure tree to clarify the important 
processes or problems. 
According to K. Srinivasan (2014), the characteristic cause-and-effect diagram 
proposed by Professor Kaoru Ishikawa in 1976 is often used as an important tool for 
problem analyses as well as widely applied to the promotion of quality activities. 
Thus, the characteristic cause-and-effect diagram (see Fig. 3) is employed in this 
study to analyze the reasons for the ill process performance of motor rotor circle 
diameter, and it is also seen as a basis to find out all factors which lead to the ill 
process performance of motor rotor circle diameter. 
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Fig. 3 Characteristic cause-and-effect diagram of the ill process performance of motor 
rotor circle diameter 
After discussing with the factory engineers and experts, this study discovered 
that the critical factor (see Fig. 3) which caused the ill process performance of motor 
rotor circle diameter was mainly resulted from the problem of cutting conditions in 
the process capability, and other important influential factors were cutting depth, 
cutting speed, amount of feed, and rotational speed. This study employed the Taguchi 
method commonly seen in the industry to figure out the best parameters to improve 
the accuracy of the motor rotor circle diameter process and then to enhance the entire 
yield and quality of the motor process. In addition, the reason that caused ill 
manufacturing scheduling was the tool room management.  
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When the cutting condition in the process of the motor rotor’s circle diameter is 
not good or there is something wrong with the cutting tool room management, it will 
affect the green motor operation performance and even lead to ill air-tightness of the 
outer water case. Thus, the effect of the motor water-cooling system will be 
influenced, and the problem of carbon emission will arise to affect our environment, 
so that the performance achievement of the environmental and social responsibilities 
in TBL will decline. 
 
5.2 Taguchi method 
Ross (1988), Taguchi (1991) and Chen et al. (2006) stated that the Taguchi 
method proposed by a Japanese doctor named Taguchi Genichi in the 1950s 
determined the best parameter with an empirical method. Besides, product design and 
quality robustness are provided with the lowest cost and the minimum experimental 
times within a short period of time. Hence, to receive the best parameter settings, this 
study used the Taguchi method to carry out analyses and improvement of process 
quality. 
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Table 6 Control factor level list of the motor rotor circle diameter process 
  Level 1 Level 2 Level 3 
A Cutting depth (mm) 0.2 0.25 0.3 
B Cutting speed (m/min) 250 280 320 
C Amount of feed (mm/rpm) 0.1 0.15 0.2 
D Rotational speed (rpm) 800 1300 2000 
After discussing with the experts and factory engineers, it was found that cutting 
depth, cutting speed, amount of feed and rotational speed were the core control factors 
which affected the imprecision of motor rotor circle diameter process. Additionally, 
each control factor has 3 levels listed in the control factor level list of motor rotor 
circle diameter process, as displayed in Table 6, and the Taguchi method is adopted to 
find out the best parameters for 4 factors and 3 levels, with the degree of freedom – 8. 
Therefore, this study adopts the 
9L  43  orthogonal array to repeat experiments 3 
times. According to Taguchi (1987) and Taguchi (1991), the 
9L  43  orthogonal array 
is an orthogonal array highly recommended by Dr. Taguchi, and its experimental 
results are also presented in Table 7. 
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Table 7 List of 9L  43  orthogonal array experimental results 
Experiment Number Parameters and Levels Result 
A B C D 1Y  2Y  3Y  S/N 
1 0.2 250 0.1 800 96.0215 96.0238 96.0227 98.43078 
2 0.2 280 0.15 1300 96.01802 96.01793 96.01814 119.1938 
3 0.2 320 0.2 2000 95.9763 95.9883 95.9867 83.36484 
4 0.25 250 0.15 2000 95.9897 95.9884 95.9871 97.36551 
5 0.25 280 0.2 800 96.019 96.0189 96.0194 111.1962 
6 0.25 320 0.1 1300 96.009 96.0084 96.012 93.94088 
7 0.3 250 0.2 1300 95.9947 95.9856 95.9971 83.98587 
8 0.3 280 0.1 2000 96.0118 96.0123 96.0109 102.6279 
9 0.3 320 0.15 800 96.0196 96.0191 96.0194 111.6309 
 
According to Taguchi (1987) and Taguchi (1991), S/N is the short form of signal 
to noise. If S/N is larger, it means signal is larger than noise, so that it will be easy to 
judge whether the received result is signal or noise. As a result, when the ratio of S/N 
of the motor rotor circle diameter process for the green electric scooter motor is larger, 
the precision is better. In addition, the motor rotor circle diameter for the green 
electric scooter motor is of the normal quality characteristic in this study. Its equation 
is listed as follows: 





 

e
em
nV
VS
NS log10/                                          )18(  
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Through the 
9L  43  orthogonal array experiments of Table 6 and Eq. (18), the 
ratio of S/N for each experiment can be received. When the ratio of S/N is larger, it 
means the precision is better and also reveals that the quality of the green electric 
scooter motor’s motor rotor circle diameter process is better. Finally, this study adopts 
the S/N ratios listed in Table 6 and receives the mean of S/N ratios of each level in the 
4 factors. Then, these data will be drawn in Fig. 4 to obtain the best parameter settings:  
A. cutting speed (0.25mm), B. cutting speed (280m/min), C. amount of feed 
(0.15mm/rpm), and D. rotational speed. In the future, these best parameter settings 
will be regarded as the standards of settings, to maintain the stability of process 
quality and then to boost the process yield rate. 
 
Fig. 4 Cause-and-effect diagram of S/N ratios 
0.300.250.20
110
105
100
95
320280250
0.200.150.10
110
105
100
95
20001300800
A
M
ea
n
 o
f 
S
N
 r
at
io
s
B
C D
M ain Effects Plot for SN  ratios
D ata M eans
Signal-to-noise: N om inal is best (10*Log10(Y bar**2/s**2))
37 
 
5.3 Improvement of the tool room management  
The production model of the case-study manufacturer is the model of 
small-volume large-variety production. As to the applied cutting tools, there were 
excessive numbers of hilts and shanks, so that caused some difficulty in the tool room 
management. Good tool room management can not only reduce the waste but also cut 
the cost. Therefore, the tool room management is an important factor of maintaining 
the process yield. After discussing the factory’s management and on-site engineers 
and observing the ill factors of the tool room management shown in the 
cause-and-effect diagram (see Fig. 5), it was learned that the case-study 
manufacturer’s lack of a set of regulation flow related to the tool room management 
was the factor which led to bad tool room management. Thus, this study based on the 
current situation improves and regulates the SOP of tool management in the control 
stage for better management.  
 
Fig. 5 Characteristic cause-and effect diagram for bad tool room management 
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5.4 RX   chart of control verifying the improvement outcomes  
After the motor rotor circle diameter process parameters of the electric scooter 
green motor and tool room management are improved, this study extracts 20 sets of 
sampling data in the static process which has been reset. Each set has 5 samples, and 
the Minitab 16 software is used to draw the Xbar-R Chart of control, as seen in Fig. 6. 
It is obviously seen that both the accuracy and precision of these 20 sets of samples 
are within the control range of the new process, indicating that the process is static, so 
it can be used as a monitoring tool for the motor rotor circle diameter process in the 
future.  
 
Fig. 6 RX  chart of control after improvement 
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To sum up, this study applies Lean Six Sigma to the industry related to green 
energy. The process of analysis, improvement, and control can enhance the product 
quality, decrease the rates of process scrap and Reduce, increase the rates of product 
availability and maintenance and Reuse, and raise the rate of Recycle for all spare 
parts. At the same time, owing to the increase of lifetime, the time of Recovery is 
postponed. Consequently, Lean Six Sigma not only can reach the goal of economic 
benefits of promoting the process quality performance but also can respond to the 
policy of energy saving and carbon reduction and facilitate the Triple Bottom Line 
(TBL), in order to help enterprises head to the sustainable development of ecological 
and social benefits. 
 
6. Conclusions 
With the continually rapid growth of research, development, and manufacturing 
technology, humans’ consuming habits are apparently changed and influenced, and 
modern consumers tend to emphasize quality and efficiency more and more. Thus, 
enterprises must provide various, environmentally friendly, and high-quality products 
to satisfy customers’ demands and to maintain enterprises’ sustainable development. 
However, attempting to reach the goal of sustainable development, enterprises must 
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rebuild or improve by means of the internal process to create added value. Lean Six 
Sigma possesses the advantages of speeding up the process and conducting the 
systematic statistics analyses, so that it is a popular process management tool which 
can help enterprises create added value and reach the goal of sustainable development. 
Therefore, this paper adopted “the process performance of the electric scooter 
water-cooling motor assembly” as a case study, applied the process and idea of Lean 
Six Sigma, and developed a set of process performance evaluation and improvement 
model for the electric scooter water-cooling motor assembly, in order to reach the 
goals of shortening manufacturing scheduling time and lowering the process variation 
with Lean Six Sigma. 
Firstly, this study integrated VOC with VSM to figure out the non-value 
manufacturing scheduling and quality level and solve the problems immediately. Next, 
2 important processes of the motor assembly were discussed and 9 important quality 
characteristics were sorted out. In the light of manufacturing scheduling and process 
quality, manufacturing scheduling indices and six sigma quality evaluation indices 
were respectively presented. Then, the confidence intervals corresponding to these 
two types of indices were concluded and were employed to conduct evaluations and 
tests of performance indices. Also, a manufacturing performance evaluation chart of 
the electric scooter motor assembly was formed. According to the abovementioned 
41 
 
method, real samples and the performance evaluation chart were used to find out that 
the process of motor rotor circle diameter did not meet standards in both aspects – 
manufacturing quality level and scheduling. The characteristic cause-and-effect 
diagram was employed to analyze and discover 4 items of control factors which can 
influence the process. The Taguchi method was used to find out 4 items of the best 
parameter settings: cutting depth (0.25mm), cutting Speed (280m/min), amount of 
feed (0.15mm/rpm), and rotational speed (800rpm), in order to promote the process 
quality. Meanwhile, standard operation procedure was also imported to assist the tool 
room management inside the factory to ensure the enhancement of tool room 
management and process quality. Study results showed that the defect rate of the 
processed product decreased 5%, the defect rate of the airtightness lowered down 
(decrease 4%), and then the manufacturing efficiency was lifted to shorten the 
manufacturing time (estimated to lower 13% of time waste). This model constructed 
by this study is also applicable to other industries’ process performance evaluations 
and improvement, aiming to reach the goals of shortening the manufacturing time and 
reducing the process variation with Lean Six Sigma. 
Furthermore, this study applied the method of Lean Six Sigma to the issue 
related to green energy and promoted the performance of 3TBL/sustainable 
production. Since this study is of great value and importance in terms of sustainable 
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development of green energy, it can supplement the insufficiency of literatures 
concerning sustainable improvement. In terms of management implications, due to the 
fact that the product of this study case must be manufactured with high process 
accuracy and timeliness, it is necessary to grasp product quality and resources through 
continuous improvement and immediate feedback in order to achieve the expected 
performance of water-cooling green motors. If Lean Six Sigma is not used, 
manufacturing costs may be wasted due to differences in manufacturing process and 
time, and product performance, so that the goal of 3TBL/sustainable production as 
well as the performance needed by the product cannot be achieved. Therefore, it is 
relatively important for this study to select the systematic approach, Lean Six Sigma, 
to reach the goal. In addition, this study has faced the following research limitations: 
(1) though this study applied Lean Six Sigma to the green motor, most of the 
restrictions focused on the issue of the process quality. This study suggests that the 
future researchers be able to select the cases which can accelerate the development of 
3TBL/sustainable production. (2) When this study was collecting VOC, the content 
related to the environment and society seemed insufficient. Therefore, this study 
suggests that the future researchers be able to make further discussions on the VOC’s 
impact on the environment and society, in order to obtain more complete applications 
and benefits of 3TBL. 
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